The capability to detect the polarization state of light is crucial in many day-life applications and scientific disciplines. Novel anisotropic two-dimensional materials such as TiS3 combine polarization sensitivity, given by the in-plane optical anisotropy, with excellent electrical properties. Here we demonstrate the fabrication of a monolithic polarization sensitive broadband photodetector based on a mixed-dimensionality TiS3/Si p-n junction. The fabricated devices show broadband responsivity up to 1050 nm, a strong sensitivity to linearly polarized illumination with difference between the two orthogonal polarization states up to 350 % and a good detectivity and fast response time. The discussed devices can be used as building blocks to fabricate more complex polarization sensitive systems such as polarimeters.
Introduction
Polarization sensitive photodetectors, which are optoelectronic devices sensitive to the polarization of the incoming light, have a strong impact in many different branches of science and technology like astronomy, [1] quality assessment in food and mechanical industry, [2] ellipsometry.
[3] Natural evolution endowed certain animals and insects with eyes equipped with monolithic polarization sensitive photodetectors. These specialized light detectors facilitate the identification of their preys or allow them to navigate recognizing the polarization patterns of the sky. [4] Interestingly, similar navigation techniques based on the detection of polarization patterns of the sky have been probably used by ancient civilizations during human history. [5] The recent isolation of strongly dichroic 2D semiconductors holds a great promise for the fabrication of monolithic polarization sensitive photodetectors and polarimeters. [6] Up to now, however, most of the reported works on photodetectors based on 2D semiconductors are focused on transition metal dichalcogenides or other chalcogenides with marked in-plane isotropic properties and thus the built-up photodetectors are insensitive to polarized light. [3a, 7] The amount of works exploring the use of dichroic 2D semiconductors is still scarce and they are mostly limited to devices with low detectivity values or with a limited cut-off wavelength. [8] Recently, Island et al. have fabricated photodetectors using TiS3, [7c] a member of the trichalcogenide family that presents remarkable quasi-1D electrical and optical properties with an anisotropy larger than the one of black phosphorus. [9] However, this strong in-plane anisotropy has not been exploited yet to fabricate polarization sensitive photodetectors.
Here we demonstrate the fabrication of monolithic polarization sensitive photodetectors based on TiS3. The devices are built up by staking a TiS3 ribbon onto ptype silicon, thus forming a p-n junction based photodiode geometry which allows one to operate the device either in photovoltaic (PV) mode, without applying any external bias, or in photoconductive (PC) mode, with a positive or negative bias applied to the device.
In PV mode upon illumination, the built-in electric field present at the interface between TiS3 and Si separate the photogenerated charge carriers yielding to a photocurrent even under unbiased condition. The fabricated devices show broadband photoresponse from 405 nm to 1050 nm and a strong dependence of their photoresponse on the polarization This is the authors' version (post peer-review) of the manuscript: Yue Niu et al. Advanced Optical Materials 6(19) 1800351 (2018) https://doi.org/10.1002/adom.201800351 That has been published in its final form: https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201800351 direction of the illumination. The photocurrent generated for light polarized along the b axis direction of the TiS3 lattice is up to 350% larger than that polarized along the a axis direction. These devices can be used as building blocks to fabricate more complex thin polarization sensitive systems such as polarimeters.
Results and Discussion
Figure 1a-b show optical images of synthesized TiS3 microcrystals with a characteristic ribbon-like shape.
[10] Figure 1c shows a representation of the crystal structure of TiS3, a monoclinic ZrSe3-type lattice with two lattice vectors per unit cell.
The atoms are separated in layers that are held together by van der Waals interactions and each layer is composed of parallel covalently bonded chains. Each Ti atom is bonded to six S atoms belonging to the same chain and two additional S atoms in the neighbor chains. [9b, 11] The parallel chains are responsible for the quasi-1D nature of the material which leads to an anisotropy in the electrical conductivity and optical properties between the in-plane a and b-axes.
Figure 1d
shows various micro-transmittance spectra acquired on a TiS3 ribbon while varying the relative orientation between the linearly polarized incident light and the b-axis of the TiS3 ribbon. [12] One can clearly see the gradual evolution of the transmittance spectra using light with polarization angles ranging from aligned along the a direction to the b direction. The transmittance along the b-axis is quite low (52% at 2.32 eV) and the ribbon appears darker due to the larger absorption. In contrast the transmittance along the a-axis reaches 71% at 2.32 eV and the ribbon becomes much more transparent. (See a movie of the polarization dependent transmittance in the Supplementary Information). To fabricate the TiS3 based photodetectors we employ mechanical exfoliation combined with deterministic transfer of ultrathin TiS3 ribbons. [13] Figure 2 summarizes the steps carried out to fabricate the devices. The commercial substrate is based on prepatterned Cr/Au electrodes evaporated on SiO2/Si (Ossilla®). We mask the electrodes using a piece of kapton tape and we etch away the unmasked SiO2 using a glass etchant paste (ArmourEtch®) that effectively removes the SiO2 without damaging the Si bottom This is the authors' version (post peer-review) of the manuscript: Yue Niu et al. Advanced Optical Materials 6(19) 1800351 (2018) https://doi.org/10.1002/adom.201800351 That has been published in its final form: https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201800351 layer. Note that this is a very convenient way to etch the SiO2 without employing extremely dangerous buffered HF etching recipes. Finally, the device is completed by transferring a TiS3 ribbon by means of an all dry deterministic transfer method bridging one of the Au/Cr electrodes to the exposed Si surface. [14] The optoelectronic performances of the fabricated TiS3 devices are characterized in dark and upon illumination using a homemade scanning photocurrent system.
[15] Figure   3a shows the IV characteristics of a TiS3 device in dark and upon illumination (with 660 nm of wavelength) with increasingly optical power. In the dark state the device shows a marked rectifying IV due to the p-n junction formed at the interface between the TiS3 (ntype semiconductor) and the silicon (p-type, boron doped with a resistivity of 0.0005 -0.001 Ohm·cm). Under external illumination we observe an increase in the current. The reverse current (current at negative bias) increases monotonically upon increasing the incident power. 
Figure 3c
shows the photo-responsivity of the device measured at -0.5 V by employing illumination sources with different wavelengths. The photo-responsivity, R, is a measure of the electrical response to light and is defined as
where Pin is the incident optical power. The shape of the responsivity spectrum follows closely that of the unpolarized micro-absorbance spectrum of the TiS3 ribbon, calculated from the transmittance according to the formula
suggesting that the photoresponse is dominated by the interaction of light with the TiS3 itself. These results are in good agreement with the previously reported experimental This is the authors' version (post peer-review) of the manuscript: Yue Niu et al. Advanced Optical Materials 6(19) 1800351 (2018) https://doi.org/10.1002/adom.201800351 That has been published in its final form: https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201800351 values obtained from photocurrent response and optical absorbance measurements of TiS3. [16] Besides, to evaluate the performance of TiS3/Si as a photodetector, we calculate the inferred detectivity (D * ), which represents the ability to detect weak optical signals.
Assuming the noise to be limited by shot noise, D * is calculated from the measured responsivity and the dark current [17] according to
where Ad is effective area of the device, e is the electron charge and Id is the dark current. and comparison with reported anisotropic photodetectors are shown in Table 1 .
Consequently, the superior efficiency of the detectivity of our TiS3/Si devices is comparable to black phosphorus/WSe2 heterojunction [17b] and one or two magnitude larger than other reported anisotropic photodetectors, [8b, 8c] which we attribute to the strong intrinsic responsivity of TiS3 together with the photodiode device architecture that minimizes the dark current.
[7c] However, Tan et al. reported a photodetector based on GeS shows a rather high detectivity but operating at high temperature. [17a] Also, the devices like GeS and ReS2 have slower response times and limited cut-off wavelength of 800 nm. [8e, 17a] Taking advantage of the high-speed optical communication and high responsivity of our devices, we demonstrated a single-pixel camera [18] based on an ultrathin TiS3/Si photodetector. A scheme of the single-pixel camera setup integrated with our TiS3/Si devices is shown in Figure 4a . [12] Briefly, the target to image is mounted on a motorized XY stage, which can be controlled by the computer. The target is illuminated from the bottom by a white light source. An optical fiber, positioned on top of the target image, acts as a pinhole, thus only collecting the light coming from a small region of the target.
The free end of the fiber is connected to a cannula to irradiate directly the TiS3/Si photodetector reversely biased. Whilst illuminating the sample, the device electrical to large photocurrent. The data acquisition and motion control are managed through a home-made routine written in Matlab®. To test the effectiveness of the camera, a "Smiley Face" was used as a target and the recovered image with a resolution of 64 · 64 pixels is shown in Figure 4b . In spite of the simplicity of the single-pixel camera setup, it provides a testbed to explore the performance of photodectectors based on nanomaterials in reallife applications.
After testing the optoelectronic properties of TiS3/Si junctions for unpolarized light, we now discuss the performances of these devices for polarized light detection. The minimum response is ~ 19 mA / W with incident light polarized along a-axis. As shown in Table 1 , this polarization photosensitivity values are comparable to those of recently reported black phosphorus based polarized photodetectors. [8b, 17b] The maximum anisotropy ratio of the photocurrent (measured at -0.5 V) and short circuit current,
of the device is 0.29 and 0.64, respectively, which is comparable with the angular dependent photocurrent in other phototransistors (from 0.3 to 0.96). [8, 17, 19] However, This is the authors' version (post peer-review) of the manuscript: Yue Niu et al. Advanced Optical Materials 6(19) 1800351 (2018) https://doi.org/10.1002/adom.201800351 That has been published in its final form: https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201800351 those polarization sensitive photodetectors typically require an external bias as the driving force to prevent the recombination of photo-generated electron-hole pairs and their dark current is larger (thus typically yielding to lower detectivity values). We address the reader to the Supporting Information to see the full characterization of another three TiS3/Si photodetector devices. Figure 6 shows a spatially resolved characterization of the device photoresponse.
The incident light at 660 nm with the power of 0.54 μW was applied (the motor step size is 3 µm). Figure 6a shows an optical image of the studied device region. Figure 6b shows four photocurrent maps acquired rotating the relative orientation between the linearly polarized light and the TiS3 b-axis. The different regions of the device, outlined in the photocurrent maps, are determined from reflectivity maps acquired simultaneously (see Supporting Information). Interestingly, from the photocurrent maps one can clearly observe how the photocurrent is only generated at the TiS3/Si junction, which is because of the charge separation happens right at the heterojunction region.
Conclusion
In summary, we presented a self-powered polarization sensitive photodetector based on a TiS3/Si p-n junction. The heterostructure device demonstrates a broadband photodetecting range (from 405 nm to 1050 nm) with high photo-responsivity (~ 35 mA/W), but also shows a high sensitivity to polarized infrared illumination photodetection. The polarized contrast between b and a-axis direction of the TiS3 lattice is up to 350%. Our novel heterojunction structure offers an ideal candidate for future 2D optoelectronic devices with unique anisotropic nature.
Experimental Section
TiS3 preparation: The TiS3 microcrystals were synthesized by sulfuration of titanium powder which is vacuum sealed in an ampule with sulfur powder (>75% atomic sulfur) and heated to 500ºC. After 20 hours of growth, the ampule is cooled down to ambient conditions. [10] Device fabrication: The as-fabricated TiS3/Si heterostructure devices were annealed at 200 o C for 2h in vacuum to reduce the contact resistance for the devices.
Device characterization: The topography of the devices was studied with atomic force microscopy (AFM) with a Nanotec® microscope. The optical properties of the TiS3 This is the authors' version (post peer-review) of the manuscript: Yue Niu et al. Advanced Optical Materials 6(19) 1800351 (2018) https://doi.org/10.1002/adom.201800351 That has been published in its final form: https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201800351 nanosheets have been studied with a home-built micro-reflectance/transmittance imaging setup, described in detail in Ref. [12] . The electrical properties of the devices were characterized by a source-meter unit Keithley 2450 and a home-built probe station. Detectivity of the device with the conditions specified in the column 'Measurements', (*): The value calculated from the data extracted from the reference but not stated directly in the cited article. Note that in some columns we display two values for our devices, they correspond to the values obtained under V= -0.5 V and V= 0 V, respectively.
